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A method of writing extended modified regions with complex structure, which can act as waveguide micro¬ 
structures in the interior of porous glass plates impregnated by solutions of silver salts, by means of 1.07 pm 
continuous-wave ytterbium fiber laser is examined. The results of studies of extended modified regions by op¬ 
tical methods are presented. Similar microstructures in the interior of glass can easily become base elements of 
fiber-optic systems for different applications. 
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The rapid development of fiber and integrated optics re¬ 
quires devising and producing increasingly newer multi¬ 
functional devices with complex architecture which are ca¬ 
pable of processing, transforming and controlling optical sig¬ 
nals in a wide spectral range [1]. Such devices are already 
being widely used in diagnostics, control and analysis of dif¬ 
ferent physical processes occurring in gases, liquids and so¬ 
lids and at the boundaries of different media. The application 
of such devices is based on measuring the characteristics and 
parameters of a process, such as the temperature, pressure 
and chemical composition of substances participating in a 
process and many others [2]. 

The expansion of the range of measurable parameters by 
means of such devices while preserving and even decreasing 
their size requires an even more complicated device architec¬ 
ture, a reduction of the size of individual elements and higher 
placement density of the elements per unit volume of the ma¬ 
terial used as the base for device production. 

Three-dimensional writing of the elements in the interior 
of the material is now proceeding in two directions. In one 
direction the production of the complicated device architec¬ 
ture is based on the use of a technology for depositing and 
treating film coatings on semiconductors, first and foremost, 
silicon, as the most studied material [3]. The second one is 
based on the use of different methods of treating glass ce¬ 
ramic materials and glass transparent to visible-range optical 
signals. 

One material suitable for producing devices with com¬ 
plex architecture is a photosensitive glass containing atoms 
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of Ag, Cu, Fe, Nd and other metals [4]. Mainly laser techno¬ 
logies are used to produce modified regions (MR) of differ¬ 
ent shapes and sizes, representing the main elements of de¬ 
vices on the surface and in the interior of glass ceramics and 
glass [5, 6]. Laser technologies are used because they make it 
possible to control quite accurately the optical characteristics 
and the size and shape of MR by controlling the parameters 
of the writing radiation even during the formation of MR. At 
the present time the radiation from femtosecond lasers and 
sources with ultrashort pulse duration about 12 fsec and 
pulse repetition frequency 600 Hz or higher is used in practi¬ 
cally all cases to write three-dimensional structures in the in¬ 
terior of optically transparent materials. Working with emit¬ 
ters of this kind complicates the MR formation technology 
on account of self-focusing and channelization of the radia¬ 
tion when it is focused in the interior of the material. Such 
processes adversely affect the integrity of MR during writ¬ 
ing. Another adverse factor of using radiation with femto¬ 
second pulse duration in MR writing technologies is the high 
cost of such technologies. 

A technology for forming MR in the interior of high-si¬ 
lica porous glass (PG) plates by using continuous wave laser 
radiation weakly absorbed in PG was recently proposed [7]. 
The preservation of MR and the stability of their optical 
characteristics during storage and operation in this techno¬ 
logy are obtained by baking plates with MR in a furnace up 
to the transformation of the PG into high-silica (> 90% 
Si0 2 ) quartzoid glass. 

It is known that the silica framework of PG, comprising a 
porous matrix, can be effectively permeated with solutions of 
different substances [8]. By adjusting the physical and che¬ 
mical characteristics of solutions of permeating substances it 
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is possible to achieve partial absorption of laser radiation in 
the region of the beam waist, as a result of which the tempe¬ 
rature increases to 150 - 200°C in the irradiation zone, which 
is significantly lower than the baking temperature of PG 
(870°C). When using permeating solutions containing colloi¬ 
dal Ag and Cu particles the temperature in the irradiation 
zone can reach 750 - 1000°C, which is completely adequate 
for thermal compaction of the PG framework. Substances 
which under the laser irradiation can be effectively polarized 
and oriented relative to the laser radiation, where within the 
region of beam waist the initial permeating substance can de¬ 
compose into fractions with new substances as well as stable 
compounds being formed with physical and chemical char¬ 
acteristics differing from those of the glass matrix, can also 
be introduced into the permeating solutions. As noted previ¬ 
ously, laser writing of MR in the interior of PG plates is an 
intermediate stage of the technology, after which the PG 
plates with MR are baked up to the formation of a monolithic 
quartzoid glass with stable optical properties. For any of the 
avenues presented above, baking is also mandatory for MR 
structured under laser irradiation in the interior of a PG plate 
permeated with a solution of a substance. 

In the present work we examine a method of writing ex¬ 
tended MR with complex structure in the interior of PG 
plates, impregnated by a water solution of silver salts, by 
means of a continuous wave fiber laser. Such a modification, 
arising in the process of writing, can be viewed as a wave¬ 
guide structure — a basic element of devices in fiber-optic 
systems used in different applications. The complex structure 
of extended MR, revealed in the course of the investigations, 
opens up new prospects for increasing the functionality of 
devices by increasing their structural complexity. This will 
make it possible to use such devices in different areas of sci¬ 
ence and engineering based on fiber-optic systems. 

EXPERIMENTAL PART 

Fabrication of Photochromic Porous Glass Matrices 

Porous glass plates impregnated with silver salts, so-called 
photochromic porous glass (PCPG), were used as samples in 
the experiments. The prospects for using PCPG in laser pro¬ 
cessing were due to, first and foremost, the relatively small 
energy input in the formation of MR compared with alterna¬ 
tive methods of processing optically transparent materials. 

To obtain PCPG plates two-phase alkaline borosilicate 
glass was treated in two steps: leaching and permeation. 
Two-phase glasses with the following composition (mass 
fraction, %) were used as blanks: 7.6 Na 2 0, 20.4 B 2 0 3 , 
71.9 Si0 2 and 0.1 A1 2 0 3 [9]. For the PG, blanks of two-phase 
glass were subjected to through permeation in a 3 M solution 
of HN0 3 (HC1) at 100°C. To remove from the channels in the 
PG the products of decomposition of the borate phase after 
leaching the treated PG plates were washed in distilled water 
and dried at 120°C for 1 h. 


At the next treatment step PG with the composition 
(mass fraction, %) 0.2 Na 2 0, 4.3 B 2 0 3 and 95.5 Si0 2 [9, 10] 
was subjected to permeation by the salts AgN0 3 and 
Cu(N 0 3 ) 2 in two steps: permeation for 24 h at room tempera¬ 
ture, after which the samples were dried, followed by perme¬ 
ation at 50°C using the halides KBr, KI and NH 4 C1 for 
30 min and re-drying. After the permeation step the compo¬ 
sition of the porous matrices changed to the following (mass 
fraction, %): 1.05 Na 2 0, 3.7 B 2 0 3 , 94.11 Si0 2 , 1.25 Ag 2 0, 
0.04 CuO and 0.48 K 2 0 [11, 12]. Just like the PCPG plates, 
the PG plates were fabricated in the Laboratory of the Physi¬ 
cal Chemistry of Glass at the I. V. Grebenshchikov Institute 
of Silicate Chemistry at the Russian Academy of Sciences. 

Laser Irradiation of PCPG 

The next step in the processing of PCPG was laser irradi¬ 
ation, where MR formation occurred in the interior of the 
PCPG plates. Plane-parallel PCPG plates with thickness 
1.5 mm were used as experimental samples. The plates were 
secured on a coordinate table permitting motion along three 
coordinates with positioning accuracy ±(1 - 2) pm. The for¬ 
mation of MR in the interior of the PCPG plates occurred un¬ 
der the action of an LK-100-V continuous wave ytterbium fi¬ 
ber laser with wavelength X = 1.07 mm, spectral line width 
AX = 0.003 mm, divergence 0 = 0.26 mrad and beam size 
(l/e - 2)D = 6 mm at the output and output power instability 
equal to 1 % of the power of the incident radiation. 

The size and shape of the MR were determined by the 
power of the incident radiation, the duration of exposure and 
size of the beam waist, located in the interior of the PCPG at 
depth 150 - 200 pm from the surface of the plate and formed 
during focusing of the radiation with a micro-objective (10 x , 
0.25) with focal length 4.75 ± 0.25 mm. An extended MR is 
formed under the action of the radiation focused into the in¬ 
terior of the sample with the PCPG plate moving with the ve¬ 
locity 18 pm/sec relative to the laser beam. 

In the course of the experiment the power P 0 of the laser 
radiation incident on the PCPG plate and the power P x pass¬ 
ing through it were recorded with a Gentec Solo-2M optical 
power meter, equipped with a UP19K-110F-H9 optical 
power detector with accuracy 1% of the measured quantity 
and equivalent noise power about 1 mW. The measurement 
of P 0 and P x made it possible to determine the absorption 
power of the PCPG during the formation of the MR. The 
temperature on the surface of the sample at the center of the 
region of action was recorded with a Flip Titanium 520 M 
IR-camera, calibrated before each experiment, with size re¬ 
solution of the measured region 30 x 30 pm for the tempera¬ 
ture interval 300 - 1500°C. 

After laser processing the PCPG plates with the MR 
were investigated with an Axio Imager Carl Zeiss optical mi¬ 
croscope in transmitted and linearly polarized light with 
crossed polarizer and analyzer and magnification xlOO. An 
MSFU-K Yu-30.54.072 microscope spectrophotometer was 
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used to obtain the transmission spectra of individual parts of 
the MR in the wavelength range 350 - 900 nm. 

An extended MR was written in one scan with incident 
power 4.4, 5.2, 6.1 and 7.9 W. The transverse size of the ex¬ 
tended MR as a function of the incident power varied in the 
range 38-68 pm. The formation of an MR in one scan was 
not observed at lower laser power. To decrease the transverse 
size of an extended MR a decision was made to decrease the 
power of the incident radiation to 3.5 W and to increase the 
number of scans to 5. These measures made it possible to de¬ 
crease the size of the transverse section of the structure 
formed to 8 pm. 

After laser irradiation at the final stage of processing the 
PCPG plates together with MR were baked in a furnace, as a 
result of which the silica framework of the porous matrix 
was densified and, in consequence, photochromic quartzoid 
glass (PCQG) was formed. During baking the plate was 
heated to temperatures 860 ± 20°C and held at this tempera¬ 
ture for 15 + 5 min, after which the sample was cooled to 
room temperature under natural conditions. Baking at the fi¬ 
nal stage of processing the PCPG was a necessary stage of 
the MR formation process, because the physical-chemical 
and optical properties of PCPG, which were determined by 
its highly extended structure, changed with time. 

This method of forming MR made it possible to produce 
extended MR with an even smaller transverse size to 
3-5 pm. For this it was necessary to decrease the power of 
the incident radiation to 2.5 - 3 W and increase the number 
of scans to 10 or decrease the velocity of the sample to 
1-2 pm/sec. The reduction of the velocity of the sample in¬ 
creased the time required to produce extended MR. The re¬ 
duction of the concentration of the particles of colloidal sil¬ 
ver in the channels in the PG could also promote a reduction 
in the transverse size of an extended MR. 

DISCUSSION 

Extended MR were written in PCPG plates by means of 
an extended source of laser radiation, which was formed as 
the sample moved with the velocity v relative to the laser 
beam waist located in the interior of the plates. In the experi¬ 
ment the modification process was implemented by two 
methods: longitudinal displacement of the beam waist in the 
interior of a PCPG plate and transverse displacement of the 
waist over one or several scans. An MR with complex struc¬ 
ture was formed during the writing process. The movement 
of the beam waist resulted in the formation of a three-dimen¬ 
sional waveguide with a complex structure. Such extended 
MR consisted of a central part, comprised of a denser struc¬ 
ture with no large colloidal particles of silver and an edge 
layer comprising a region with a porous structure whose 
channels are filled with colloidal silver particles to a higher 
degree than the channels of the same layer in the unirradiated 
region of the PCPG plate. 



Fig. 1 . An extended MR with the focal plane of the microscope in 
coincidence with the plane of the central part of the MR immediately 
after irradiation. The scan velocity is 18-19 pm/sec; the power of 
the incident radiation (in W) is 4.4 (a), 5.2 (b ), 6.1 (c) and 7.9 ( d ). 
The photographs were taken in transmitted light with scale 200 pm. 

When the irradiation process reached a stationary state, 
the temperature at the center of the irradiation zone on the 
surface of a plate reached about 750 - 850°C. The high tem¬ 
perature was due to the low scan velocity of the laser beam 
as well as the relatively high absorptivity of the PCPG plate, 
which was determined experimentally to be about 0.22. 

In all cases of writing the velocity was 18.5 pm/sec and 
the power P 0 of the incident radiation varied from 3.5 to 
7.9 W (Fig. 1). Depending on the power of the incident radia¬ 
tion the diameter d 0 of the central part of an extended MR 
varied from 41 pm for P 0 = 4.4 W to 70 pm for P 0 = 7.9 W. 
A change in the power of the incident radiation from 4.4 to 
5.2 W resulted in a change in the size of the central region 
but the contrast between the central part of an extended MR 
and a PCPG plate remained very small (Fig. la and b ). In the 
range P 0 = 5.2 - 6.1 W the change in the optical characteris¬ 
tics of the central part of the region, which was manifested in 
compaction with a very small reduction of its diameter and 
higher contrast between the central part and the PCPG plate. 
When the radiation power was subsequently increased from 
6.1 to 7.9 W only the diameter of the central part of an ex¬ 
tended MR changed; the contrast between the central part 
and the PCPG plate remained quite high (Fig. 1 c and d). The 
presence of a sharp transition at the boundary of the central 
part of the region and the plate attested to a large difference 
in the values of the index of refraction of these regions. At 
lower incident radiation power, in the case where writing is 
done in one scan, the formation of a three-dimensional ex¬ 
tended MR was not observed. 

After laser processing the PCPG plates with MR were 
baked in a furnace up to the formation of PCQG after which 
the PCQG with MR was investigated anew. Baking of the 
plates preserved the extended MR formed in the interior, but 
the difference of the refractive indices at the boundary be¬ 
tween the central part of the region and the PCQG plate, as 
expected, decreased. The size of the central region also de¬ 
creased by a factor of 1.4 on average, so that the diameter of 
the transverse section of an extended MR equal to 70 pm be¬ 
fore baking decreased to 50 pm after baking and it decreased 
from 41 pm to 30 pm. The difference in the refractive indi¬ 
ces of the central part of the region and the PCQG was so 
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Fig. 2. Two extended MR, which are not butt-jointed with one an¬ 
other, in transmitted light, which were formed with P 0 = 6.1 W and 
v = 18.5 mm/sec. 

small that an MR in the interior of a plate could be detected 
only if the focusing plane coincided with the bottom surface 
of the plate in transmitted light. In this case the transmitted 
radiation from the illumination system of the microscope 
was refracted when it passed through the extended MR. 

The next step after the optimal regimes for writing ex¬ 
tended MR in one scan was writing several extended struc¬ 
tures butt-jointed with one another. In this case the process 
resulting in the formation of the optical modification under 
the action of the moving source of laser radiation was inves¬ 
tigated. In the case where the beam waist moved in the inte¬ 
rior of a PCPG plate the successive changes in the optical 
properties of the waveguide in its central part, viz., a region 
where the maximum fraction of the laser radiation was con¬ 
centrated, occurred more rapidly than in the edge part, where 
the high concentration of silver particles presumably was 
formed later. This is especially clearly seen where the joint of 
the extended MR was absent because the irradiation stopped 
prematurely while the sample was still moving (Fig. 2). For 
scan rate 18.5 pm/sec and waist diameter about 52.5 pm the 
duration of the action did not exceed 2.84 sec, while the 
power of the fiber laser radiation dropped off in 6 psec when 
the laser was switched off (maximum possible time is 
100 psec). Thus, the laser irradiation ceased practically in¬ 
stantaneously compared with the duration of the process 
forming an extended MR and, therefore, could be the reason 
for the appearance of the observed form of the termination of 
the region. The delay time of the formation of the edge of the 
extended MR from the formation of its central part is most 
likely associated with the thermophysical processes involved 
in the formation of such structures as well as with the mass 
transfer and distribution of the colloidal silver particles in the 
edge part of the region, requiring additional time. 

Different variants of the butt-jointing of MR with one an¬ 
other were realized in writing extended MR in the interior of 
PCPG plates (Fig. 3). For example, 7-form MR (Fig. 3 a ) as 
well as MR intersecting at arbitrary angles (Fig. 3b) were 
formed. The maximum transverse diametric size of the cen¬ 
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Fig. 3. Different implementations of MR written by a source mov¬ 
ing in a transverse direction: 7- (a) and X-form ( b ), rectilinear MR 
with diameter 25 pm (< c ) as well as MR with diameter 50 pm written 
by a source moving in the longitudinal direction ( d ) and termination 
of MR in the interior (e). In all cases the optimal one-scan writing re¬ 
gime was chosen: P 0 = 6.1 W, v= 18.5 mm/sec. The photographs 
were made in transmitted light. 

tral part for writing a good structure in one scan was 25 pm 
(Fig. 3c). The extended MR displayed in Fig. 3a-c were 
written with the source moving transversely relative to the 
optical axis of the laser beam. Another method of forming 
extended MR was writing with the source moving in a longi¬ 
tudinal direction, when the displacement of the beam waist 
started from the bottom surface of the PCPG and occurred 
along the optical axis of the laser beam in a direction toward 
the upper plane of the plate (Fig. 3d). This method made it 
possible to write MR with central part diameter equal to 
50 pm. In the course of the experiment the optimal laser pro¬ 
cessing regime for writing different regions in one scan was 
P 0 = 6.1 W and v = 18.5 mm/sec. 

In the course of the experiments on butt-jointing of ex¬ 
tended MR with different sizes it was determined that the 
jointing will be successful if the position of the beam waist 
when writing both structures will be located at the same dis¬ 
tances from the surface of the plate. If this requirement is not 
satisfied, it is possible that the integrity of the edge parts of 
the butt-jointed waveguides in the region of intersection can 
be disrupted. When the sample was stopped and the laser ra¬ 
diation interrupted a spherical MR whose edge part was 
pulled in the direction of motion of the laser beam was 
formed in the interior of the PCPG plate (Fig. 3e). Beyond 
the limits of the optimal laser processing regime the size of 
an extended MR could be reduced, but in then its quality was 
degraded. 

An important characteristic for the formation of MR is 
the volume energy density, which must be the minimum 
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amount required for structural changes in the region of the 
beam waist. No extended MR formed when the volume en¬ 
ergy density dropped below the minimum value. A signifi¬ 
cant power reduction of the incident radiation and an in¬ 
crease in the number of scans with the minimum energy den¬ 
sity in the beam being conserved likewise did not lead to the 
formation of extended MR. The modification process be¬ 
comes accumulative, if an arbitrarily small change in the op¬ 
tical characteristics of the porous matrix of PCPG occurs in 
one scan. On this basis extended MR of smaller diameter 
were written with the lowest power of the incident radiation 
over several scans (Fig. 4). 7-shaped MR were recorded at 
f 0 = 4.4 W over three scans, and the sizes of the central parts 
were 14, 19 and 27 pm, respectively (Fig. 4a). It was also 
possible to obtain two single extended structures (Fig. 4b 
and c) with central-part diameters equal to 15-17 pm 
(P 0 = 4.4 W over three scans) as well as 7 - 9 pm ( P 0 = 3.5 W 
over five scans). The scan rate was 18.5 pm/sec in all three 
cases. 

Spectral Characteristics of MR 

The spectral curves of the transmission of PCPG plates 
and parts of extended MR before and after plates with MR 
were baked in a furnace are presented in Fig. 5. The mini¬ 
mum transmission in the range 475 - 525 nm of PCPG plates 
(2 in Fig. 5) indicates the presence of color centers in the 
plate, viz., particles of colloidal silver up to 60 nm in size, 
since the absorption band of the spherical silver particles lies 
in the range 480 - 500 nm [13, 14]. The transmission mini¬ 
mum near 500 nm attests to the presence of colloidal silver 
particles in the central part of MR (3 in Fig. 5). The higher 
value of the transmission coefficient in the central 
part of the region as compared with the values of 
these coefficients for a PCPG plate which has not 
been irradiated indicates a lower concentration of sil¬ 
ver particles in the central part of extended MR. The 
spectral curve of the transmission of the edge part of 
the region (4 in Fig. 5), viz., the dark region sur¬ 
rounding the central part, is similar to a PCPG plate 
in terms the character of the change in the transmis¬ 
sion curve but the transmission coefficient is lower in 
the entire experimental range of wavelengths. This 
indicates that the optical density in this region is 
higher than in a PCPG plate. 

A characteristic of the transmission curves of a 
PCPG plate and the central part of an extended MR 
after baking is a very small increase in the coeffi¬ 
cients of transmission in the entire range (5 and 6 in 
Fig. 5). Depending on the transmission of the edge 
part of MR after baking the increase in the transmis¬ 
sion coefficients in the entire range is significant. 

This could be due to densification of the silica frame¬ 
work and distribution of the silver particles in the 
channels of the PCPG as a result of baking (7 in 
Fig. 5). 



Fig. 4. Writing of MR over several scans with transverse movement 
of the source: a) 7-form; b ) single MR (P 0 = 4.4 W, three scans); 
c ) single MR (P 0 = 3.5 W, five scans). The photographs were made 
in transmitted light. 


CONCLUSIONS 

The results of investigations of the formation of extended 
MR in the interior of PCPG plates by means of laser radia¬ 
tion were described. The optimal irradiation characteristics 
required to write regions with minimum transverse size 
25 pm in one scan and 8 pm in several scans were deter¬ 
mined. 

A complex structure of extended MR was found and the 
individual parts were studied by optical methods. In this case 
the spectral characteristics of the central and edge parts of 
MR were obtained. 

It was demonstrated that it is possible to write MR with 
different configurations and forms comprising waveguide 
microstructures in the interior of glass which are fully capa- 
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Fig. 5. Spectral curve of the transmission of a PCPG plate (2, 5) as well as the 
central (3, 6 ) and edge ( 4 , 7) parts of the MR with respect to the transmission of 
a fused quartz plate (7 ) before (2-4) and after (5 - 7) a plate with MR is baked 
in a furnace. 
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ble of becoming the base elements of fiber-optic systems for 
different applications. 
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